Soils in many regions of the world have a low Se content. Consequently, forages and crops grown on these soils may provide inadequate dietary Se for humans and grazing animals. Selenium supplementation has been used to enhance Se status and milk Se concentration, but results conflict. Milk Se concentration appears to be a useful indicator of animal and herd Se status, and reflects the responsiveness to supplementation. A systematic review and meta-analysis were carried out to summarize all available scientific evidence for the effect of oral Se supplementation on milk Se concentration in cattle. The literature search was based on electronic and nonelectronic databases. Fixed-and random-effects models of meta-analysis were used, and a meta-regression was carried out to evaluate heterogeneity among studies. Random-effects meta-analysis was performed on 42 studies published between 1977 and 2007. Oral Se supplementation resulted in an average increase in milk Se content of 0.16 (95% confidence interval: 0.117, 0.207) μmol/L, with a significant heterogeneity among studies. Weak publication bias was evident, but it did not change the average effect. The continent where the study was performed, Se source, Se dose, and the interaction between source and dose explained 71% of the between-study variance. On average, American cows supplemented with Se yeast (e.g., 6 mg/h per day) had greater milk Se concentrations (approximately 0.37 μmol/L) 75 d after the beginning of supplementation when compared with those supplemented with inorganic forms of Se. This information provides a basis for tailoring daily animal requirements and for enhancing the Se intake of consumers of dairy products.
INTRODUCTION
Selenium is a naturally occurring solid substance typically defined as nonmetallic that occurs worldwide but is distributed unevenly in soils (Oldfield, 2002) . Many regions of the world have soils with low Se content; consequently, feedstuffs grown on these soils may provide inadequate dietary Se for humans and grazing animals. Selenium nutritional requirements for beef and dairy cattle have been set at 0.1 and 0.3 mg/kg on a DM basis, respectively (NRC, 2000 (NRC, , 2001 . Although Se is not an essential nutrient for plant growth, agricultural practices, such as application of inorganic fertilizers, may contribute to further reducing the content of Se in soils and plants (Hartikainen, 2005) . The consumption of animal products derived from animals grazing in low-Se areas can influence the Se status of entire human communities, putting humans at risk of overt deficiency (World Health Organization/Food and Agriculture Organization of the United Nations, 2004). This risk has been recognized by some countries, for instance Finland, where Se application to grain crops grown for human consumption is required by law (Hartikainen and Ekholm, 2001) .
Milk derived from cattle on pasture contributes to a person's daily intake of Se, because daily consumption of 100 g of milk will provide at least 10% of the daily Se requirement for adults (Knowles et al., 2004) . Moreover, it is recommended that milk-based formulas used for infants provide at least 10 μg of Se/d to complement the maternal supply (World Health Organization/Food and Agriculture Organization of the United Nations, 2004), but nonfortified cow's milk-based formulas will often not provide this amount (Carver, 2003) . Consequently, tailoring dairy products to meet specific requirements of a population, such as enhanced Se intake, is an attractive concept for the promotion of human health (Knowles et al., 1999 (Knowles et al., , 2004 .
Feeding systems to increase milk Se content have been developed (Knowles et al., 1999; Grace et al., 2001; . Early studies in the 1970s indicated that a relatively small proportion of Se was transferred into milk after feeding inorganic forms of Se such as sodium selenite. Supplementation with sodium selenite increased milk Se content when cows were fed rations low in naturally occurring Se, but there was less impact when cows were fed rations greater in naturally occurring Se (Conrad and Moxon, 1979) . In fact, many experiments have shown that Se supplementation results in an increase in the Se content of milk, but it does not appear to increase linearly as Se intake increases (Conrad and Moxon, 1979) . These authors concluded that Se from natural sources might be transferred more readily to milk, probably because of its greater bioavailability. In addition, it was noted that an increase in Se intake would not produce important increases in milk Se content when cows were fed Se-adequate rations (Aspila, 1991) . Further studies have reported different effects of Se supplementation on milk Se concentration, depending on previous and current dietary Se content, source, and route of administration (Aspila, 1991; Malbe et al., 1995; Knowles et al., 1999) , but not all attempts to increase milk Se concentration have been successful (Stowe et al., 1988; Gierus et al., 2003) . Trials in cattle have shown variable results after using different sources, doses, and routes of administration of Se, describing either nonsignificant effects (Ammerman et al., 1980) or milk Se concentrations increased by as much as 7-fold .
The incorporation of Se into the various fractions of milk may vary depending on the source and route of administration of the supplement. Although this may have practical implications for the dairy-processing industry, it has not been adequately examined to date. In addition, many supplementation experiments have been conducted for only short durations, not long enough for milk to reach a steady-state Se concentration after a change of intake. Consequently, there is a need to summarize the response to different sources of supplementary Se and its transfer into milk, to assist in the design of effective supplementation programs to produce dairy products of the best quality for human consumption, and to address the growing market for enriched foods that meet particular health and lifestyle demands. Clear guidelines concerning how Se supplements should be administered to cattle, in particular, to produce Se-fortified milk for human consumption have not been available. Narrative reviews have indicated a beneficial effect of Se supplementation on milk Se concentration (Conrad and Moxon, 1980; Weiss, 2005) . Traditional narrative reviews have been widely used in veterinary literature to collate existing evidence on a particular intervention, but the majority of these do not use either a systematic or a statistical method to identify, assess, and synthesize the information they are gathering. Narrative reviews are subjective and based on the preconceived opinions of the reviewer, and are therefore prone to bias (Sargeant et al., 2006) . On the other hand, systematic reviews appraise critically, summarize, and attempt to reconcile all published evidence concerning a particular intervention (Jadad et al., 1997) . They minimize systematic and random errors, and may or may not include a quantitative statistical analysis (meta-analysis) of the results of 2 or more studies to produce an average estimate of the treatment effect Sargeant et al., 2006) . The objective of this study was to summarize, through a systematic review and metaanalysis, all available scientific evidence related to the effect of oral Se supplementation on milk Se concentration in cattle.
MATERIALS AND METHODS

Literature Search
An electronic and nonelectronic literature search was conducted to identify primary studies carried out between January of 1970 and March of 2008. The server of the University of Prince Edward Island was used to cover Agricola (via CSA Illumina), CAB Abstracts (via OvidSP), MEDLINE (via EBSCOhost), PubMed (via the Internet), ScienceDirect, Web of Science, and WorldCat Basic Search. The keyword combinations were (ruminant OR bovine OR cattle OR cow* OR heifer*) AND (selenium OR glutathione peroxidase OR gsh-px OR gpx) AND (experiment* OR trial* OR effect* OR study OR studies OR supplement*) AND (colostrum OR milk OR dairy products*). Primary studies published in English, French, Italian, Portuguese, Spanish, and German were included. There was no restriction to peer-reviewed journals, and the eligible publications included abstracts, conference proceedings, book chapters, and theses. Additionally, the following proceedings were scanned for references: American Dairy Science Association (1970 to 2007) and American Society of Animal Science (1970 to 2007) . All references related to milk Se concentration cited in 3 recent review papers (Weiss, 2005; Gierus, 2007; were also identified. In addition, different groups of investigators from the National Chung Hsing University (China), Primary Industries Research Victoria (Australia), Ohio State University (United States), Swedish University of Agricultural Sciences (Sweden), Università Cattolica del Sacro Cuore (Italy), and University of Veterinary and Pharmaceutical Sciences (Czech Republic) were contacted by e-mail asking for unpublished studies related to the intervention of interest. Finally, the potential studies were combined with a set of studies recovered online from the trial database of Alltech Inc. (Nicholasville, KY).
Manuscripts were excluded if the title or abstract indicated that the study pertained to species different from cattle, or pertained to supplementation trials enrolling animals other than first-calving heifers or multiparous cows, or if the milk Se concentration was not evaluated. Additionally, studies were excluded if cows were supplemented with Se sources other than sodium selenite, sodium selenate, or Se yeast, because those forms are the most widely used for oral supplementation in cattle (Weiss, 2005) .
Outcome Evaluated and Data Extraction
The mean difference in milk Se concentration between Se-supplemented and unsupplemented cows was the outcome of interest. The milk Se concentration increased sharply within the first 28 d of supplementation and decreased rapidly when supplementation was discontinued. Because very few studies extended the supplementation beyond 170 d, only milk Se concentration data between 28 and 170 d were considered for the meta-analysis.
All results were transformed to micromoles per liter if the paper cited the results using different units. For unit standardization, 78.96 g/mol was used for Se molecular weight (Barthelmy, 2005) and, on average, 1,030 g/L was used for milk density (Goff, 2008) . Clinical trials were included regardless of whether they were conducted in a randomized fashion.
The precision of the estimate was based on its reported standard error (SE) or on an SE calculated from standard deviations (SD) of the treatment and control groups. In studies involving repeated measures on the same cows, estimates of milk Se concentration at different time points were computed, and the variance was adjusted by an inflation factor given by the formula (Dohoo et al., 2003) :
where σ y 2 is the variance at each time point, m is the number of time points, ρ is the intraclass correlation coefficient within cows, and 1
to the variance inflation factor. To adjust for clustering within cows, different intraclass correlation coefficient values (i.e., 0.90, 0.75, and 0.25) were assumed. The same value for the SE or SD was used in both groups when the paper reported a common value for the study groups. Computation of a common SD was made by reconstructing the statistical analysis, if the information needed was available. For example, if the paper reported only the mean for milk Se concentration and a P-value, possibly in the form P < 0.05, the SD was reconstructed under the assumption of a normal distribution analysis as follows:
− represents the difference between means;
) is the percentile from the reference distribution; and n is the sample size of each group. When an exact calculation of SD was not possible, a SD was imputed as the pooled SD (SD p ) from all the other available studies included in the meta-analysis (Furukawa et al., 2006) .
In one manuscript, the mean milk Se concentration and its SE were reported on a log scale (Hidiroglou et al., 1987a) . Assuming that log-transformed values followed a normal distribution with the SD derived from the SE and sample size, values on the log scale were recalculated by simulation, and then back transformed to calculate the arithmetic mean and its SE.
Additional considerations in the data-extraction process were as follows. If a study contributed more than one set of observations because data were reported separately by parity, by study year, or by Se source or Se dose, data for each set of observations were recorded separately. Other information was recorded, if available, from the selected studies (Table 1) . Two independent investigators extracted the information by using a structured data-collection form, and the first author resolved the discrepancies after re-reviewing the paper.
Meta-Analysis
The effect of Se supplementation on milk Se concentration in cattle was evaluated by carrying out fixedeffects and random-effects meta-analyses. The results reported in this paper correspond to the random-effects meta-analysis, given the observed heterogeneity of the results across the studies. The Q and I 2 statistics were used to evaluate whether heterogeneity was present in this study (Deeks et al., 2001; Higgins et al., 2003) . The random-effects meta-analysis was estimated according to where T i is the effect of the ith study; θ is the true effect, u i is the random effect of study i; and ε i is the residual error. The variance of T i was computed as the sum of the between-study variance τ 2 ( ) and the within study variance υ i ( ) (Sutton et al., 2000) . The random-effects meta-analysis was carried out via the method-of-moments estimation (DerSimonian and Laird, 1986) . The result of the meta-analysis was presented graphically by using a forest plot. Moreover, the prediction interval for the treatment effect of a new trial was calculated and presented as part of the forest plot (Harris et al., 2008) . This interval is a prediction of the range within which the milk Se concentration will lie in a new trial evaluating the effect of oral Se supplementation.
Publication Bias
Studies showing no effect, not written in English, or containing results unfavorable to the study sponsor might be less likely to be published or included in the analysis than those reporting significant, favorable results. This is known as publication bias (Sterne et al., 2001) . Statistical (Begg's and Egger's tests) and graphical methods (funnel plot) were used to evaluate possible publication bias. Additionally, the "trim-andfill" method was used to estimate and correct for an eventual publication bias. Studies having a large SE or low statistical effects (i.e., "small studies") were omitted (trimming) until a funnel plot became symmetrical. Further the "true" center of the plot was reestimated, and the omitted studies were then replaced with their "missing" counterpart studies around the center (Duval and Tweedie, 2000; Sterne et al., 2001) . This method evaluates how much the average estimate of treatment effect changes if studies are missing because of publication bias (Duval and Tweedie, 2000) .
Meta-Regression
The meta-regression analysis is a regression-type analysis in which each study is weighted by its precision. It is an extension of the random-effects meta-analysis Whether an interaction between treatment and time was significant to estimate the extent to which one or more covariates explain heterogeneity in the treatment effects. The meta-regression of the factors related to the quality and design of the study (Table 1) on the factor of interest was performed by using the method-of-moments estimation (Sutton et al., 2000) . This method of estimation was preferred for consistency with the other analyses.
Other methods of estimation resulted in changes in the between-study variance but had only a minor impact on the regression coefficients. Unconditional analyses of trial precision, continent where the study was performed, study population, parity, type of production, source of Se and dose of Se, days, stage of lactation, and frequency of administration were evaluated, and unconditionally significant (P < 0.15) associated variables were then retained to build a multivariable regression model. Further, the multivariable model was manually reduced by backward selection of the significant variables (P < 0.05). Each covariate was evaluated to determine, for each predictor, how much of the between-study variance was accounted for.
Cumulative Meta-Analysis
Cumulative meta-analysis is the product of performing a new meta-analysis every time a new trial is added to a series of trials. Repeated poolings, instead of a single pooling estimation, are performed as each study is added (Lau et al., 1995) . Cumulative meta-analysis was used as an exploratory tool to identify retrospectively whenever the Se supplementation effect first reached statistical significance. Moreover, cumulative meta-analysis was used to correlate the accruing evidence with recommendations made by experts and to identify eventual temporal patterns in the trial results (Lau et al., 1995) .
Influential Studies
Studies influencing the summary estimate were identified, generating an influence plot. An influence graph was generated as an SE bar chart, in which summary estimates were computed after sequentially omitting one study at a time (Deeks et al., 2001) . Those studies having an undue influence on the estimation of the average effect of treatment were identified.
All analyses were carried out with Stata Statistical Software release 10.0, using the commands metan, metabias, metafunnel, metareg, metacum, and metaninf (StataCorp., College Station, TX). No adjustment for clustering within author was made because of the low number of studies performed by the same author.
RESULTS
Literature Search
The search identified 139 potential references containing the keyword combination in either their titles or their abstracts. A total of 23 references could not be recovered (1 narrative review, 4 duplicates of other studies, 3 written in English, and 15 written in a language beyond the scope of the selected languages). From the remaining 116 references, 77 were excluded from the analysis (see Appendix). In 3 manuscripts, the outcome of interest was described, but no data were recorded because supranutritional doses of Se were used. These reports were written in English, and their results are shown in Table 2 . Three manuscripts reported the results of 5 studies in which milk Se concentration was evaluated at time points other than between 28 and 170 d from treatment, and these were excluded from the meta-analysis (Table 3) .
Consequently, 33 manuscripts containing the results of 42 studies provided data that fulfilled all criteria and were used to perform the meta-analyses. Twenty-eight manuscripts were published in peer-reviewed journals, 3 were published as abstracts, one appeared as part of conference proceedings, and one was published as a book chapter. Thirty-one reports were written in English, 1 was in Portuguese, and 1 was in German. These references were categorized according to the continent where they were performed: 15 were carried out in America (Canada, United States, and Brazil), 13 in Europe, and 5 in Oceania (Australia and New Zealand).
Seven studies in 5 manuscripts did not report the SD (Ammerman et al., 1980; Aspila, 1991; Syrjala Qvist and Aspila, 1993; Malbe et al., 1995; Hemken et al., 1998) ; thereupon, their SD were imputed from all the other available studies and were included in the metaanalysis (Furukawa et al., 2006) . Of the 33 references, 25 reported a positive effect of Se supplementation, 4 did not show a significant effect, and 4 did not report the significance of the effect. All 4 manuscripts, however, reported a numerically positive effect of Se supplementation on milk Se concentration (Table 4 ).
Meta-Analysis
The average treatment effect obtained by using the method-of-moments estimation was 0. heterogeneity (I 2 ) was estimated at 99.7%, corresponding to a very strong between-study variation.
The average effect did not change when a meta-analysis was performed after removing those studies that did not report the SD (Table 5 ). Additionally, adjusting the overall variance by the variance inflation factor to summarize the milk Se concentration measured at different time points did not produce any change in the average effect or on its 95% CI ( Table 5 ). The results from each trial, the average effect of treatment, its 95% CI, and the prediction interval are shown in Figure 1 .
Publication Bias
The statistical approaches used for the evaluation of publication bias showed differing results. Begg's test revealed a significant bias (P < 0.001), whereas the Egger's test did not suggest a significant bias (P = 0.28). The asymmetrical appearance (i.e., a gap in the lower left quadrant) in Figure 2 suggested that publication bias might be present. However, the average estimate, using the random-effects trim-and-fill method, did not result in any change in the effect of treatment obtained in the random-effects meta-analysis, and no missing studies were imputed.
Meta-Regression Analyses
None of the variables related to study quality (Table  1 ) recorded in the database showed a significant association with the outcome of interest. However, the effect of Se supplementation on milk Se concentration was less when cows were part of a randomized clinical trial (P = 0.15). The unconditional analyses showed no significant association (data not shown) of the outcome variable with those variables related to the study design (Table  1) , such as study population, production system, type of production, parity, frequency of Se administration, or days from treatment to first sample collection. A significant (P < 0.01) unconditional association with the outcome of interest was found for the continent where the study was carried out and the source of Se ( Table 6 ). The relationship of milk Se concentration to dose of Se was nonlinear, which was indicated by the significance of a quadratic term for dose (Table 6 ).
Significant predictors remained in the multivariable model (Table 7) . Two interactions were not presented in the table. The interaction between continent and source of Se was close to significant (P = 0.06), and the interaction between source of Se and the quadratic effect of dose was not significant (P = 0.48). Those interactions were omitted from the model. There were 2 somewhat extreme residuals corresponding to 2 trials in which Se yeast was used (Malbe et al., 1995; Parity: Mult. = multiparous; All = first calving and multiparous; NR = not reported. 4 Stage of lactation when the study started: D = dry period; E = from calving to 100 DIM; L = more than 100 DIM. 5 Source of Se: Na-Sel. = sodium selenite or selenate; yeast = Se yeast. 6 Days: lag time from supplementation to first milk sample collection for Se analysis. 7 Mean difference: difference between means for milk Se concentration of supplemented and unsupplemented cows. 8 Significance: NS = not significant; S = P < 0.05. 9 Selenium was administered (30 mg/h) 2 times during late pregnancy.
al., 2007). Their removal had little impact on estimates; consequently, those studies were retained in the model. Milk Se concentration was predicted by using the coefficients of the multivariable regression model and was plotted against several doses of Se in the form of sodium selenite or selenate and Se yeast (Figure 3) . For example, studies that administered Se yeast (6 mg/ head per day) and were carried out in America had, on average, a milk Se concentration of 0.37 μmol/L greater than the concentration in cows supplemented with sodium selenite or selenate 75 d after the beginning of supplementation.
A sensitivity analysis was carried out by omitting 2 Australian trials that had a high predicted milk Se concentration after supplementation with Se yeast ( Figure  3) . In those trials, Se yeast was given at a dose greater than 10 mg/h per day (Heard et al., 2007) . The analysis resulted in a nonsignificant effect of dose of Se, but the curves were similar to those shown in Figure 3 .
A decrease in milk Se concentration was evident at doses of less than 3 mg/h per day; however, the effect of dose depended on Se source and changed according to the continent. On average, sodium selenite or selenate was supplemented at a dose of 3.2 ± 1.6 mg/h per day and Se yeast was supplemented at 4.3 ± 1.4 mg/h per day in American studies, whereas studies from Oceania supplemented 4.5 ± 2.1 mg/h per day and 6.4 ± 4.5 mg/h per day of sodium selenate or selenite and Se yeast, respectively.
Cumulative Meta-Analysis
The random-effects cumulative meta-analysis of the studies of oral Se supplementation and its effect on milk Se concentration published until 2007 is presented in Figure 4 . A repeated pooled estimate and its 95% CI after a sequential combination of the studies is displayed in order of ascending publication date. The first point of interest is the significant effect of Se supplementation on milk Se concentration from the first trial published in 1977. The studies showed the least response to Se supplementation from 1977 (Perry et al., 1977) to the early 1990s (Syrjala Qvist and Aspila, 1993) . At that time, 336 cows had been allocated to 11 studies to compare the effect of sodium selenite or selenate supplementation (3.2 ± 1.3 mg/h per day) against the effect on unsupplemented cows.
The average effect started to change gradually toward a greater milk Se difference after the inclusion of Se yeast as a Se source in the early 1990s (Charmley et al., 1993) . The results of the subsequent 31 studies, which enrolled 631 additional cows, increased the average effect of treatment, and its 95% CI became wider. Moreover, the dose of Se was related to publication year and Se source. After 1993, sodium selenite or selenate was used, on average, at a dose of 3.6 ± 1.8 mg/h per day compared with 5.0 ± 2.8 mg/h per day when Se yeast was supplemented.
Influential Studies
A simple sensitivity assessment was performed by repeating the meta-analysis but excluding individual studies one at a time ( Figure 5 ). No individual studies had an undue influence on the pooled estimate. However, omitting study 4 (Bis Wencel, 2003) had the largest effect on the pooled estimate, and in this case, the average treatment effect decreased from 0.16 μmol/L (95% CI: 0.117, 0.207) to 0.13 μmol/L (95% CI: 0.102, 0.148).
DISCUSSION
A meta-analysis based on the results of the 42 studies meeting all selected criteria estimated an average (Table 5) . However, results varied considerably among studies: continent, source of Se, and dose of Se were significant contributors to this variation (Table 6 ). Nonetheless, other factors such as study design, production system, previous Se status, type of production, supplementation protocol, duration of supplementation, and Se analysis methodology did not have a significant effect on the treatment response. Two factors that might have contributed to the variation in supplementation response were stage of lactation and milk yield (Table 6 ). However, milk yield did not reduce the between-study variance. Although the stage of lactation was not significantly associated with the outcome, it explained 43% of the between-study vari- A recent study found that milk Se concentration was associated with stage of lactation, where early-lactation cows had lower milk Se concentration than did latelactation cows and where that effect was likely mediated by a simple dilution effect of milk yield (Wichtel et al., 2004) . A critical examination for the presence of publication bias, or other bias types, is an integral part of the meta-analysis process (Egger et al., 1997) . In this case, visual assessment ( Figure 2) indicated weak evidence of the presence of publication bias, but Egger's test was not significant and the trim-and-fill test did not impute any study. The asymmetry observed in the funnel plot might be an indication of the inclusion of studies of poorer quality (e.g., poor methodological design of small studies). On average, smaller studies are conducted and analyzed with less methodological rigor than are larger studies (Egger et al., 1997) . The effect of small studies on the assessment of publication bias has not gone unnoticed, and a significant exaggeration of the treatment response has been observed when results of poorer quality trials have been pooled . In this meta-analysis, the fact of whether the experimental units were randomly allocated to groups was weakly associated with the study outcome. The effect of Se supplementation on milk Se concentration tended to be smaller when cows were randomly allocated to the experimental groups (β = −0.12, P = 0.146), supporting the contention that smaller studies tend to overestimate the effect of the treatment (Egger et al., 1997; Moher, et al., 1998) . However, the average effect was not modified, regardless of whether the study was published in a peer-reviewed journal, which might reflect a better quality of study.
With regard to the meta-regression analysis, in the univariate analysis, supplementation with Se yeast resulted in a greater milk Se concentration compared with supplementation with sodium selenite or selenate. Studies in which Se yeast was used tended to supplement at greater doses than did studies in which inorganic sources were administered, and studies performed in Oceania used even greater doses of both sources than did studies performed in America or Europe. This is an indication that Se source might be affected by continent (i.e., confounding effect), because these variable was also related to milk Se concentration.
A lack of effect on predicted milk Se concentration was observed when less than 3 mg/h per day was given (Figure 3) , which might be related to individual responses that caused a high variability in milk Se concentration across studies. Weiss (2005) described a linear relationship of Se dose to milk Se concentration, with the latter not changing greatly as intake of inorganic sources increased. Based on this linear regression, a change in Se intake from 2 to 5 mg/h per day when inorganic sources were supplemented would result in an increase in milk Se concentration of 0.06 μmol/L, but this association was not controlled for potential confounders. A low positive increase in milk Se concentration was also observed in a trial performed in England, in which incremental doses of inorganic Se were given (Givens et al., 2004) . In contrast, the metaregression in this study showed that an increase from 2 to 5 mg/h per day in Se intake when inorganic Se was fed would cause a decrease in milk Se concentration of 0.04 μmol/L, and the magnitude and direction of that change were related to continent and Se dose, as shown in Table 7 and Figure 3 .
Particular characteristics of soils, forages, and cattle production in America and Europe compared with Oceania and characteristics of Se yeast may account for the different strategies used in the design of trials on Se supplementation, hence the suggestion that continent, source, and dose were associated and acted as potential confounders. It has been recognized that Australia, and New Zealand in particular, where cattle Table 5 . Average effect of oral Se supplementation on milk Se concentration obtained after removing the studies that did not report the SD or after adjusting the overall variance by the variance inflation factor (VIF) 1 production is pasture based, have Se-deficient soils because of low pH and rainfall (Australia) or volcanic parent material (New Zealand), and both countries are acknowledged as pioneers in Se research in livestock (Oldfield, 2002) . Factors such as the recognition of deficiency (Oldfield, 2002) ; previous data on low milk Se concentration from Australia (Heard et al., 2004) , England (Givens et al., 2004) , Estonia (Pehrson et al., The average estimate of the effect was derived from the random-effects meta-analysis. The length of the horizontal line represents the 95% confidence interval (CI) for the effect size from each study, the center of the square ( ) represents the point estimate from that study, and the area of the square is proportional to the weight assigned to the study. The dashed line is the average effect of treatment (0.16 μmol/L) obtained from the analysis, whereas the solid vertical line marks the value at which Se supplementation would have no effect. The diamond (◇) at the bottom of the dashed line shows the 95% CI for the overall effect (0.117, 0.207), and the horizontal line beside the diamond represents the prediction interval (95%: −0.17, 0.50 μmol/L) for the milk Se difference in future studies. 1997), New Zealand (Grace et al., 1997; Knowles et al., 1999) , Nordic countries , and North America (Maus et al., 1980) ; and the small contribution of livestock-derived food products to the Se intake of humans from several countries (Combs, 2001) might be related to the choice of different doses for Se supplementation trials, where the objective was to enhance the Se status in animals and the intake of Se for consumers. Thus, Australian reports have described the use of supranutritional doses of Se yeast in an attempt to increase the content of Se in milk (Heard et al., 2004 (Heard et al., , 2007 , whereas American studies have been carried out to adjust them to lower Se intakes, reflecting NRC (2001) recommendations. Moreover, Se intake is legally restricted in North America but not in Oceania, and this may affect the choice for greater doses.
The biological properties of Se yeast may also account for the observed response in milk Se concentration. Recently, a narrative review suggested that Se concentration was increased by 90% when cattle were 4 Dry period corresponds to beginning Se supplementation before calving. 5 Milk production was reported in only 9 studies. fed Se yeast compared with an inorganic source (Weiss, 2005) . Selenium yeast is a dried nonviable yeast (Saccharomyces cerevisiae) product. The yeast is cultivated by using a fed-batch fermentation process that provides incremental amounts of Se salts, minimizing the detrimental effects of Se salts on the yeast. This allows for the optimal incorporation of inorganic Se into cellular organic material, acquiring properties similar to natural Se sources (Weiss, 2005) . Organic Se yeast contains a variety of Se proteins, mainly selenomethionine (Se-Met), and other low molecular weight selenocompounds. Even though little information is available concerning Se yeast metabolism in ruminants, it appears that Se coming from Se yeast is probably better absorbed than inorganic forms of Se (Weiss, 2005) . In vitro studies found a better diffusibility of Se-Met, which contributes to its high absorption in vivo (Shen et al., 1997) . Moreover, Se yeast is better transferred to milk than are inorganic Se sources (Knowles et al., 1999; Pehrson, 2005; Juniper et al., 2006) , probably because of the AA composition of milk proteins. Milk has a Met concentration approximately 2 times greater than blood protein. Therefore, it is 2 times more likely that Se-Met will be incorporated into milk protein than blood protein (Weiss, 2005) .
The recommended dietary intake of Se for humans depends on sex and age but, on average, a daily intake between 26 and 55 μg meets the requirement for adults. This intake must be greater in pregnant or lactating women (Institute of Medicine, 2000; World Health Organization/Food and Agriculture Organization of the United Nations, 2004). According to the meta-regression analysis, to provide at least 10% of the minimum recommended dietary intake for Se when 100 mL of Journal of Dairy Science Vol. 92 No. 1, 2009 CEBALLOS ET AL. 336 Figure 5 . Influence plot of 42 studies of the effect of Se supplementation on milk Se concentration (μmol/L) difference in cattle. The figure displays the average estimate ( ) of the effect and its 95% confidence interval (each horizontal line) for the meta-analysis repeated systematically, excluding each individual study at a time (refer to Figure 1 for study identification). milk will be consumed daily, cows in America should be fed at least 11 mg of sodium selenite or selenate/h per day or 6 mg of Se yeast/h per day to comply with the suggestions of the Institute of Medicine (2000) and World Health Organization/Food and Agriculture Organization of the United Nations (2004) for Se daily intake.
The pattern observed after the cumulative metaanalysis (Figure 4) , which was the change toward a greater effect, might have been the result of a combination of several factors, such as an improvement in study designs (i.e., use of more powerful statistical analysis); amendment to allowable Se supplementation in the United States in 1987, which allowed 0.3 mg/kg (on a DM basis) of supplemental Se to be added to ruminant diets (Ullrey, 1992) ; the marketing of Se yeast, which began in the early 1990s; and approval for its use in cattle in 2003 (US Food and Drug Administration, 2003) . However, the effect of source across years might have been confounded by other factors (e.g., previous Se status, age of the cow, stage of lactation) that did not show any significant association with milk Se concentration in this study.
The average effect decreased slightly after the removal of study 4 (Bis Wencel, 2003) . The effect decreased by 18% but remained positive ( Figure 5 ). That particular study was performed in Europe (Poland) and used sodium selenate as the Se source (0.6 mg/h per day). A large increase in milk Se concentration was found in supplemented cows (0.30 μmol/L) compared with unsupplemented ones. The study had a relatively large sample size (n = 20 cows), and the precision of the estimate was high (SE: 0.001 μmol/L), which is an indication of a strong influence on the average effect of treatment. However, this study was neither blinded nor were cows randomly allocated to treatments, and the cows in the unsupplemented group had a greater milk Se concentration than cows from other trials. In spite of having a high milk Se concentration, the cows in this trial responded favorably to low Se supplementation with inorganic Se.
CONCLUSIONS
On average, an increase of 0.16 μmol/L in milk Se concentration might be expected after oral Se supplementation in cattle, and an effect on milk Se concentration between −0.17 and 0.50 μmol/L (95% certainty) might be expected in future clinical trials conducted to evaluate the effect of oral Se supplementation on milk Se concentration. High variation among studies was observed, in part because of geographic factors and some characteristics related to study design (e.g., stage of lactation, Se source, dose of Se). There was weak evidence of publication bias. The effect of the dose of Se was unexpectedly low when Se was given to cows at a dose of less than 3 mg/h per day. However, other studies reporting a linear relationship did not account for potential confounders (i.e., source of Se). Greater doses of Se (i.e., organic forms) are required to achieve an adequate milk Se concentration for human consumption according to the country where the study will be performed. It has been suggested that seleno-AA from Se yeast are metabolized by mechanisms distinct from those of inorganic forms and may be the form of choice for enhancing milk Se concentration. The challenge is to tailor the Se form and supplementation protocols to meet animal dietary requirements and to benefit consumers of dairy products.
